Abstract A multidisciplinary study was carried out to analyse the chromosome doubling process during the early stages of in vitro maize microspore embryogenesis. The main stages (microspore derivatives) that were formed in the course of the culture were analysed. Chromosome number was determined from squashed cells, and DNA content was measured by cytometry. In parallel, an ultrastructural analysis of the microspore derivatives demonstrated the occurrence of a nuclear fusion process. It seems likely that nuclear fusion ensures chromosome doubling at early stages of induced microspore embryogenesis. It occurs precisely at the 5/7 day stage in the embryonic domain and probably leads to polyploidy in the endosperm domain of the microspore derivatives. As a conclusion a scheme summarises the results and proposes an interpretation of the sequence of chromosome doubling events during early maize microspore embryogenesis. Understanding of this process will be important for future efforts to increase the percentage of homozygous plants for crop improvement.
Introduction
Pollen embryogenesis leads to the formation of multicellular structures that differentiate apical meristems and are able under suitable growth conditions to generate homozygous lines useful for plant breeding programmes. During this type of embryonic development, which is specific to cereals, chromosome doubling may occur spontaneously, but generally at a low rate (4%) (Hansen and Andersen 1998) , or may be induced with the help of drugs such as antimitotic agents (Wong 1989; Barnabas et al. 1991; Beaumont and Widholm 1993; Hansen and Andersen 1998) or herbicides (Wan et al. 1991) .
In maize, our experimental plant model system, the spontaneous chromosome doubling rate observed during induced microspore embryogenesis seems to be much more efficient (>40% of the regenerated plants) than in other monocot species (Antoine-Michard and Beckert 1997) . This observation enables the mechanism for chromosome doubling to be analysed. It has been suggested that this doubling occurs during the early stages of microspore development (Beaumont and Widholm 1993; Henry 1998) but little is known about the mechanism and the precise stage at which this occurs. Knowledge of the processes that govern natural chromosome doubling is of interest for fundamental research and for establishing effective methods to produce true homozygotes for breeding purposes.
Microspore embryogenesis may be studied in anther cultures or isolated microspores. The latter technique has been optimised in maize (Gaillard et al. 1991) . The use of maltose instead of sucrose as the carbon source and the selection of late unicellular and early bicellular microspores have increased the resulting number of plantlets (Goralski et al. 2002) . Using improved maize microspore culture we have tried to determine when and how chromosome doubling occurs. Multinuclear/multicellular stages have been characterised in situ by ultrastructural, cytochemical and immunocytochemical methods At 5/7 days of culture multinuclear enlarged microspores display two domains, which have been called "embryo-like domain" and "endosperm-like domain" owing to their specific structural and molecular features (Magnard et al. 2000; Testillano et al. 2002) . After 12/14 days, the multicellular structures are released into the medium and develop into "embryos", which are able to generate plantlets (Goralski et al. 2002) .
How nuclear development progresses to diploidisation of the embryogenic microspores into complex derived structures composed of a coenocytic endosperm-like domain and an embryo-like domain at the 5/7 day stage is not yet clear. Since different mechanisms of chromosome doubling have been proposed in other microspore cereal plant material, we investigated whether endomitosis, endoreduplication of DNA (d'Amato 1984; Joubes and Chevalier 2000) , and/or fusion of nuclei (Kasha et al. 2001) are involved in maize microspore embryogenesis.
The objectives of this work were to determine the structural aspects of the different stages of maize microspore embryogenesis, the nuclear DNA content and the chromosome number per nucleus in the course of the culture. We report a multidisciplinary approach for the investigation of chromosome doubling in maize and demonstrate that a nuclear fusion process occurs during early stages of microspore culture and can be seen clearly at the 5/7 day stage. The occurrence of endomitosis and endoreduplication as complementary mechanisms for chromosome doubling is related to events during zygotic development, especially within the endosperm. A putative scheme for the nuclear evolution of microspores, including the possible doubling process, is presented.
Materials and methods

Plant material
Maize ( Zea mays L) plant genotypes HD5xHD7 and A6, kindly provided by M. Beckert (INRA station, Clermont Ferrand-Theix, France) were used to select tassels for microspore isolation. These plants were raised in a growth chamber under the following controlled conditions: a photoperiod of 16/8 h, day/night; a light intensity of 560 μE/m 2 per second (provided by 400 W high pressure sodium lamps; MAZDA-MAC 400 E40); a day/night temperature of 24°/19°C; and 75/95% humidity.
Microspore isolation and culture
Microspore isolation and culture techniques were based on the protocol of Gaillard et al. (1991) with several changes; in particular maltose was used instead of sucrose as the carbon source (Goralski et al. 2002) .
Microspore nuclei staining with 4′,6-diamidino-2-phenylindole Staining with 4′,6-diamidino-2-phenylindole (DAPI) was used to characterise the nuclei in the developing microspore stages according to Vergne et al. (1987) . For semi-thin Lowicryl sections, 1 μg/μl DAPI solution in PBS was applied for 5-10 min. After rinsing in water and air drying, sections were mounted in Eukitt and observed under UV irradiation in a Zeiss Axiophot fluorescent microscope.
Cytofluorometry and DNA measurements Cultured microspores were collected at various time intervals (from 0 to 20 days in culture) and placed in 5 μl drops of 1.5% (aqueous) low melting point agarose on ethanol-cleaned microscope slides. An additional drop of agarose was added to each drop to ensure entrapment of the microspores and their derivatives after solidification of the agarose. The material was fixed in 95% ethanol and glacial acetic acid (3:1, v/v) for 30 min, then stored in 95% ethanol at 4°C. Prior to staining with DAPI, the material was dehydrated in absolute ethanol for 1 h, then air dried.
Slides with the air-dried material were flooded with an aqueous solution (0.25 μg/ml, pH 5.3) of DAPI, then held in the dark in a moist chamber overnight. After draining the slides, coverslips were affixed with Aqua-Polymount (Polysciences, Warrington, Pa.). The relative fluorescence of the nuclei was measured with a Nikon System P101S microphotometer and a Nikon epifluorescence research microscope equipped for optimal DAPI detection (excitation filter EX330-380, barrier filter BA 420; Nikon, Melville, N.Y.). The microphotometer was calibrated using 10 μm latex microspheres that fluoresce at the DAPI wavelength (Fluroesbrite; Polysciences). A limiting aperture just larger than the diameter of the nucleus was selected for all measurements. After taking a measurement on the nucleus, a background reading was taken on the adjacent cytoplasm. The relative fluorescence value was calculated by subtracting the background reading from the value of the nucleus. In the case of multicellular structures (embryo-like or endospermlike) it was often difficult to find nuclei that were separated far enough from adjacent or overlying/underlying nuclei to be able to take clear measurements.
Nuclei of microspores that were at stage D0 (day zero in culture) were used to normalise the data; i.e. the mean relative fluorescence value for these nuclei was considered to be 1C, or the basic haploid DNA value. C values for nuclei of other structures were estimated by dividing their relative fluorescence values by the mean relative fluorescence value of the D0 microspores.
Determination of the ploidy level of the cells
For chromosome counts, microspores were collected at different time points in the course of the culture, (0, 3, 5, 7, 12, 24 days of culture), and incubated in a 0.05% solution of colchicine for 3.5 h at room temperature. To increase metaphase chromosome condensation, the cells were ice-treated overnight. After centrifugation (5 min, 300 g) the microspores were fixed in ethanol:glacial acetic acid (3:1) for 24 h at 4°C, washed in distilled water, and stained with 0.8% acetocarmine solution at room temperature. The cells were then squashed and observed with a light microscope as previously described (Georgiev1987).
Conventional processing for electron microscopy Samples were fixed in Karnovsky solution (5% glutaraldehyde and 4% formaldehyde) in 0.025 M cacodylate buffer for 5 h. Samples were dehydrated in an ethanol series and embedded in Epon. Ultrathin sections were mounted on Formvar-coated copper grids and counterstained with uranyl acetate for 30 min and lead citrate for 2 min and observed in a JEOL 1010 EM at 80 kV (Testillano et al.1995 .
Cryoprocessing for electron microscopy, and Lowicryl embedding To promote subcellular preservation and subsequent staining, samples were processed at low temperature by cryoembedding in Lowicryl K4M resin (Testillano et al. 1995) . Samples were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), pH 7.3 at 4°C overnight. After washing in PBS, they were dehydrated in a methanol series by progressive lowering of temperature. Then samples were infiltrated and embedded in Lowicryl K4M resin at −30°C and polymerised under UV irradiation. Ultra-thin sections were mounted on Formvar-coated nickel grids and counterstained with uranyl acetate for 20 min and lead citrate for 10 s and observed in a JEOL 1010 electron microscope at 80 kV.
Semi-thin sections were placed on slides and stored for further staining and observation in the fluorescence microscope.
Results
Developmental stages of the in vitro embryogenic microspores
As seen by DAPI staining the microspores at the beginning of the culture were either uni-or bicellular (Fig. 1, panels 1, 2) . After multiplication, several mitotic divisions apparently took place and one region of the embryogenic microspore divided, as can be seen by the presence of groups of nuclei (Fig. 1, panels 3, 4) . Fig. 1 Analysis of the chromosome doubling process in maize: 4′,6-diamidino-2-phenylindole (DAPI) staining ( panels 1-4; 6-9); phase contrast ( panel 5). (end endosperm, emb embryo domain) Bar represents 50 μm. DNA measurement (panels 10-13). Karyotypes at day 0, haploid number of chromosomes (panels 14, 15) corresponding to histogram (panel 10); after 7 days of culture the nuclei are diploid (panel 16). Barrepresents 5 μm Subsequently a second, supplementary, nuclei-rich region was observed within the original microspore exine. The resulting structure can be seen in the phase contrast image (Fig. 1, panel 5) , which exhibits two domains: one with synchronous mitosis corresponding to the endosperm domain and a second smaller structure, which corresponds to the embryo domain as can be observed by DAPI staining (Fig. 1, panel 6 ). Exine rupture allowed the release of the whole structure (Fig. 1, panels 7, 8 ) after which the number of nuclei/cells increased (Fig. 1, panel  9 ).
Nuclear DNA content (C values) at different time points of microspore development
Comparisons of C values in microspores ( Fig. 1; Table 1 ) at the day 0 stage (Fig. 1, panel 10 ) with microspore derivatives at Day 7 (Fig. 1, panel 11 ), Day 14 (Fig. 1,  panel 12 ) and Day >14 (Fig. 1, panel 13 ), show that the 2C level of DNA is reached in most derivatives after 7 days in culture, i.e. at the time of the "two-domain" stage ( Fig. 1 , panels 11 and 5, 6). Some multicellular structures showed nuclei containing more than the 2C level of DNA at 14 days and after (Fig. 1, panels 12, 13) .
Determination of ploidy level of multicellular embryogenic microspore derivatives over time Mitotic metaphase spread analysis (Fig. 1) led to the conclusion that the microspores at the beginning of the culture were haploid (10 chromosomes, Fig. 1 , panels 14, 15) and that duplication of chromosome number was reached at 7 days of culture (Fig. 1, panel 16 ) and this process continued for up to 24 days.
Structural analysis of 5/7 day multicellular embryogenic microspore
The observation of 1 μm semithin sections of microsporederived 5/7 day structures showed two domains ( Fig. 2A,  B ) with different structural features, which were also found in the embryo and the endosperm during early zygotic embryogenesis. These two domains have been named embryo-like or endosperm-like (Magnard et al. 2000; Testillano et al. 2002) .
The embryo-like domain was made up of small polygonal cells with straight walls, dense cytoplasm and large rounded nuclei containing one large nucleolus each ( Fig. 2A-E) . In some of these embryogenic structures, all the cells of the embryo-like domain were uninucleate (Fig. 2B) . In others, all cells appeared binucleate (Fig. 2C , D, E), with two nuclei in the same cytoplasm and no cell plate. In accordance with this, no cell wall was observed between the two nuclei by transmission electron microscopy (Fig. 2E) . The two nuclei of binucleate cells were similar in size, structural organisation and rounded shape and were in close proximity to each other (Fig. 2C, D, E) . Ultrastructural analysis of these embryo-like domains in the 5/7 day structures revealed specific features of the two nuclei that, we believe, will subsequently fuse. Rounded nuclei displayed similar structural nuclear subcompartments, e.g. chromatin condensation pattern and large nucleoli. They were found in close proximity to each other in the same cytoplasm (Fig. 3A, B) , and the well-preserved nuclear envelopes of neighbouring nuclei appeared almost in contact in certain regions, at just a few nanometres distance, while in other regions, nuclear envelopes were fused. Nuclei in the course of fusion were observed: the nuclear envelopes were seen to be fused and the nuclear masses were mingling together but each nucleus continued to maintain its own shape. The result of the fusion of two nuclei at early phases was a characteristic "peanut-like" structure ( Fig. 4C) , a structure that has been reported in cycling root meristematic cells treated with caffeine (Giménez-Martin et al. 1965) and that blocked new cell wall formation in telophase (López-Sáez et al. 1966; Risueño et al. 1968 ).
In the 5/7 day embryogenic structures, the endospermlike domain exhibited a partially coenocytic organisation with wavy and some incomplete cell walls, exhibiting free ends and vacuolate cytoplasms (Fig. 4) . A variable number of rounded nuclei, 2, 3 or 4, could be observed in close proximity and lying in the same cytoplasm, without walls separating them (Fig. 4A, B) . These nuclei were in proximity and often fused together in linear arrays or groups of 2-4 nuclei, which were seen as elongated or rounded (depending on the alignment of the section) large nuclei with a peanut-like shape as a result of the nuclear fusion we also observed (Fig. 4C, D, E) .
Discussion
In vitro microspore culture is an attractive system to determine the cellular mechanisms that are involved in diploidisation. Successful chromosome doubling in the nuclei of embryonic microspore-derived structures is necessary for the regeneration and propagation of fertile homozygous plants. In the present work, the process of spontaneous chromosome doubling, which occurs at a relatively high percentage in maize, was analysed. A multidisciplinary approach was used to determine when and how chromosome doubling happens within the early period of microspore embryogenesis. We aimed at identifying the cellular events and structures associated with chromosome doubling. A, B) and in the process of nuclear fusion (C). In the same cytoplasm (CT), two rounded nuclei (N) with similar size, shape, chromatin condensation pattern and large nucleoli (NU) are close with a narrow layer of cytoplasm in between (A). Two nuclei at a much shorter distance from each other showing regions of their nuclear envelopes very close and in parallel situation (B) (arrows).C Nuclei (N) in the course of fusion: the nuclear envelopes are shown fused, the nuclear masses are mingling together but each nucleus still maintains its own shape, providing the characteristic "peanut" shape image to the fused structure (arrows). Barrepresents 2 μm Cytological analysis has allowed the monitoring of the embryogenic structures and has helped to identify the different phases for DNA quantification, chromosome number determination and ultrastructural analysis. Maize microspore development is asynchronous (Goralski et al. 2002) . At the beginning of the culture the microspores are at the unicellular and early bicellular stages, the latter comprising a large vegetative cell and a small generative cell whose nucleus appears to divide first. This corresponds to previous data showing, by proliferating cell nuclear antigen (PCNA) labelling, that DNA replication in the generative cell precedes that of the vegetative cell (Gonzalez-Melendi et al. 2000) . After several cell cycle divisions, two domains are formed, clearly identifiable at 5/7 days of culture. One domain is composed of regular cells and has been called the embryo-like domain; the other has been called the endosperm-like domain, owing to several structural and molecular features (Gaillard et al. 1992; Magnard et al. 2000; Testillano et al. 2002) .
Diploidisation of microspores during in vitro culture: when and how?
In this study we aimed to characterise the process of diploidisation during maize microspore development. This diploidisation may occur after DNA duplication by the process of endomitosis or by nuclear fusion when cell plate formation is inhibited (Risueno et al. 1968) . Endomitosis is characterised by the doubling of chromosome number during mitosis in the absence of a mitotic spindle and no breakdown of the nuclear envelope (d'Amato 1984). Our data on cytometric analysis, which is a convenient method to determine DNA content (Mogensen et al. 1995) , showed that the majority of cells at the beginning of microspore development contained a 1C level of DNA with ten chromosomes (haploid number in maize, Neuffer et al. 1997 ). Between 0 and 5 days, several rounds of DNA synthesis occurred and ensured nuclear multiplication by karyokinesis. Karyotype determination from the complex structures of 5/7 days, showed that chromosome doubling was established (containing 20 chromosomes). The ultrastructural investigation seemed to demonstrate that nuclear fusion occurred within the two domains of the 5/7 day structures. Despite the asynchrony of microspore development, it is possible to link the increase of DNA content and the nuclear fusion process as they appeared to be concomitant. However, differences exist in the evolution of the two domains. In the embryo domain the cells are bi-or uninucleate, suggesting that in some cells the two nuclei are already fused. In the endosperm domain, the partition of cytoplasm is incomplete and is achieved by sinuous and free-end walls. A variable number of nuclei, in pairs or in tight groups of three to four individualised or polylobed nuclei, may be seen, indicating different steps in the fusion process. This is clearly demonstrated by the electron microscopy observations of the contact and fusion of the two nuclear envelopes. When diploidisation begins within the endosperm domain, groups of two nuclei or nuclei with two nucleoli are present in the same cytoplasm before fusion. A transient stage may exist within the endosperm domain at the 5/7 day stage, characterised by synchronised D) . In A, B, groups of two to three nuclei of similar size and shape, with one nucleolus each, lying in the same cytoplasm without separating walls are observed in close proximity (arrows). Wavy, irregular and incomplete walls (W) are separating these groups of nuclei, which are in the same cytoplasm. In C, D, rounded and very elongated "peanut-like" nuclei with several nucleoli are shown, as a result of the multiple fusion of various nuclei in the endosperm domain. E Electron micrograph showing a region of the endosperm-like domain showing a large nucleus (N) with two nucleoli (NU). The nucleus displays an irregular shape as a result of the fusion, showing the continuity of the nuclear envelopes (arrows). At this stage, the endosperm-like domain still shows a partially coenocytic organisation, with wavy cell walls (CW), some of which are incomplete, exhibiting free ends (asterisk). Bars in A-Drepresent 30 μm, in E 2 μm divisions as seen in Fig. 1, panels 5, 6 . Subsequently, progressively more than two nuclei may fuse, giving peanut-shaped figures, leading to polyploidy. The DNA quantity reached about the 4C level and so did not reflect an increase of ploidy, possibly because the selection of the samples for DNA measurement and chromosome number was too early and polylobed nuclei were not yet formed. Nevertheless, maize late microspore embryo stages are polyploid (Henry 1998 ). This polyploid status may be explained by multiple nuclear fusions that may also occur at the 5/7 day stages and subsequently, as our results demonstrated. After 14 days, the developing embryo structures seemed to be cellularised. The cell nuclei size may correspond to variable degrees of ploidy in the endosperm domain.
Thus, as suggested by our data, diploidisation and likely polyploidisation seem to be the result of a nuclear fusion process and to occur early within the embryogenic developing microspores in in vitro conditions. Nevertheless another DNA duplication process may intervene. According to Henry (1998) a polyhaploid number of chromosomes arises through endoreduplication during late pollen embryogenesis. Thus endoreduplication that involves one or several rounds of nuclear DNA synthesis without chromatid separation and cytokinesis (Traas et al. 1998; Joubès and Chevalier 2000) cannot be excluded to occur later on, at least during the formation of mature androgenetic structures after 28 days of culture (see scheme in Fig. 5 ). However, our data on earlier developmental stages indicated that at least in these phases the increase of polyploidy level is due to nuclear fusion. Our aim was to analyse the early development of maize microspores and so new studies on later stages will be necessary to complete the data in this study.
Polyploidy of the endosperm domain parallels that of zygotic development Our study confirms that the endosperm domain forms a coenocyte, resulting from successive nuclear divisions in the absence of cytokinesis within the original cell. In such a structure all nuclei are genetically identical. This differs from a syncytium, a structure that results from the fusion of different cells after degradation and/or dissolution of the cell walls and membranes and in which the nuclei are of different origin (d'Amato 1984; Niebel et al. 1996) . Interestingly, in the natural zygotic endosperm produced after the double fertilisation process a coenocyte is also formed (Olsen et al. 1999; Gomez et al. 2002) . This natural endosperm displays different rates of ploidy. Lin (1977) suggested that in maize endosperm this polyploidisation was the result of a nuclear fusion process. Additionally, in aleurone cells (Maherchandami and Naylor 1971, cited by Lin 1977) , polylobed nuclei have been detected and interpreted as nuclear fused figures. Thus, our studies show new similarities between the endosperm domain within the androgenetic structures and natural zygotic endosperm.
In conclusion we have demonstrated that diploidisation of immature pollen switched to an embryogenic pathway in culture occurs early after 5 days of culture and the Fig. 5 Pollen embryogenesis in maize: occurrence of nuclear fusion processes, diploidisation and polyploidisation, facts and hypothesis. When microspores are transferred in culture (1) nuclear divisions first occur (2) and within the exine, two domains are formed (endosperm and embryo domains) (3) (Magnard et al.2000; Testillano et al.2002) . The so-called embryo domain is formed with straight walls, and at 5/7 days, following mitosis, all cells of the embryo domain contain two nuclei, which further fuse. In the endosperm domain incomplete walls (coenocyte) and groups of fused and single nuclei are visible (3, 4). After 14 days of culture, multiple nuclear fusion can be detected in the endosperm domain (5). When the exine bursts a multicellular structure is released. The subsequent evolution may involve other nuclear fusions or endoreduplication as mentioned by Henry (1998) cellular mechanism of chromosome doubling seems to be due to nuclear fusion after mitotic nuclear divisions. To our knowledge this is the first time that chromosome doubling has been precisely described in maize. The fusion processes that occur during pollen embryogenesis probably involve precise regulation and important changes in the cell cycle machinery (Grafi and Larkins 1995) , which may be controlled by hormones (Joubès and Chevalier 2000) or other mitotic cytoplasmic factors (Ghosh and Paweletz 1984 ). Research at the molecular level is necessary for a better understanding of the mechanisms involved in the nuclear fusion process and the resulting knowledge should be directed at optimising conditions of the formation of homozygous plants.
Our results reveal an intriguing parallel between sexual fertilisation and pollen embryogenesis. In both cases the diploid status is achieved by nuclear fusion: between a male and a female nucleus in the first case, and between two male nuclei in the second one.
